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SUMMARY
The ability to precisely edit the genome of human induced pluripotent stem cell (iPSC) lines using CRISPR/Cas9 has enabled the devel-

opment of cellular models that can address genotype to phenotype relationships. While genome editing is becoming an essential tool in

iPSC-based disease modeling studies, there is no established quality control workflow for edited cells. Moreover, large on-target deletions

and insertions that occur through DNA repair mechanisms have recently been uncovered in CRISPR/Cas9-edited loci. Yet the frequency

of these events in human iPSCs remains unclear, as they can be difficult to detect.We examined 27 iPSC clones generated after targeting 9

loci and found that 33% had acquired large, on-target genomic defects, including insertions and loss of heterozygosity. Critically, all de-

fects had escaped standard PCR and Sanger sequencing analysis. We describe a cost-efficient quality control strategy that successfully

identified all edited clones with detrimental on-target events and could facilitate the integrity of iPSC-based studies.
INTRODUCTION

The ability to correct disease-associated genetic variants in

patient-specific induced pluripotent stem cells (iPSCs) or to

insert pathogenic variants into healthy control iPSCs by

CRISPR/Cas9 has enabled the development of cellular

models that can be used to interrogate the relationship

between genotype and phenotype in differentiated, dis-

ease-relevant cells. Correcting a disease-associated mutation

in a patient iPSC line can demonstrate a causal relationship

between the mutation and a cellular phenotype, while

introducing a mutation in a healthy control iPSC line can

assess its sufficiency for a particular phenotype. The genera-

tion of isogenic pairs of iPSC lines is quickly becoming an

essential prerequisite in disease modeling studies, as the ge-

netic background of reprogrammed iPSC lines may

confound phenotypic analysis of differentiated disease-rele-

vant cells (Ichida and Kiskinis, 2015; Merkle and Eggan,

2013). However, editing genes without undesired genomic

effects in iPSCs remains difficult (Kwart et al., 2017) and re-

quires significant resources and expertise that often chal-

lenge research laboratories that are focused on using these

cells as a tool to study human development or disease

mechanisms.

Precise genome editing is achieved by inducing CRISPR/

Cas9-mediated double-stranded DNA breaks (DSBs)

targeted to a specific location by a single-guide RNA
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(sgRNA; Sander and Joung, 2014). While the exact repair

mechanisms in human cells remain poorly defined, DSBs

are likely repaired by non-homologous end joining

(NHEJ) or homology-directed repair (HDR). HDR can occur

through the supply of an exogenous donor sequence as a

template or through homologous recombination with an

endogenous allele on the sister chromatid (which can

lead to copy-neutral loss of heterozygosity [LOH]; Bibikova

et al., 2003; Liang et al., 1998; Mao et al., 2008; Shrivastav

et al., 2008). The efficiency of successful HDR in human

iPSCs is highly variable (e.g., 2%–20%), and more than

80% of selected clones following genotype screening

contain unwanted genomic defects, such as insertions, de-

letions, inversions, and rearrangements (Byrne et al., 2014;

Maguire et al., 2019;Martin et al., 2019; Santos et al., 2016).

Many approaches have been employed to improve the

odds of achieving the intended edit and reduce the burden

of screening hundreds of clones (Blair et al., 2016; Hocke-

meyer and Jaenisch, 2016; Ikeda et al., 2018; Kwart et al.,

2017; Merkle et al., 2015; Popp et al., 2018; Steyer et al.,

2018). These include strategic design of sgRNAs and sin-

gle-stranded oligo donors (ssODNs), and the use of positive

selection markers for flow cytometry sorting or antibiotic

selection (for extended reviews, see Mianne et al., 2020;

Wang et al., 2018). Nevertheless, most protocols still

require large-scale screening of 25–100 isolated clones (Pa-

quet et al., 2016). This labor-intensive step is typically done
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by PCR amplification of a few hundred bases spanning the

target locus, followed by Sanger sequencing.

A major concern has been the potential off-target edits

that CRISPR/Cas9 might introduce because of sequence

homology of the sgRNA to other regions in the genome

(Cho et al., 2014; Fu et al., 2013; Hsu et al., 2013; Pattanayak

et al., 2013). Recent studies have highlighted the incidence

of large deletions, insertions, and intricate genomic rear-

rangements at or within a short distance from the targeted

site (Adikusuma et al., 2018; Kosicki et al., 2018; Leibowitz

et al., 2021; O’Keefe et al., 2010; Owens et al., 2019;

Shin et al., 2017). These deleterious on-target events, which

likely occur through NHEJ, microhomology-mediated end

joining (MMEJ), and homologous recombination (Fu et al.,

2021; Wang and Xu, 2017), have been extensively

described inmice (Kosicki et al., 2018) and human embryos

(Alanis-Lobato et al., 2021; Liang et al., 2020;Ma et al., 2017;

Zuccaro et al., 2020) and have also been shown to occur in

human iPSCs (Blondal et al., 2021; Weisheit et al., 2020).

The frequency and nature of on-target defects in CRISPR/

Cas9-edited iPSC lines have not been widely interrogated

by multiple groups. In the most comprehensive study to

date, Weisheit et al. (2020) examined 35 iPSC clones edited

across 3 genomic locations and identified on-target defects

in 18%–40% of cases. Additionally, CRISPR/Cas9 can cause

chromosomal instability, which can result in copy loss or

copy-neutral LOH (Alateeq et al., 2018; Gorter de Vries

et al., 2019; Hajiahmadi et al., 2019; Korablev et al., 2020;

Ledford, 2020; Prat et al., 2020; Przewrocka et al., 2020;

Rayner et al., 2019; Weisheit et al., 2020; Yang et al., 2017;

Zischewski et al., 2017). Importantly, genotyping using

PCR and Sanger sequencing of a short DNA fragment serves

well as an initial screen,butmay lead to false identificationof

edited clones, as large on-target insertions/deletions may

cause exclusive amplification of only one allele. Such allelic

dropout events constitute a known limitation of PCR-based

approaches (Shestak et al., 2021).

Here, we evaluated 27 iPSC clones generated from 9

different CRISPR/Cas9 targeting events across 4 disease-

associated genes (KCNQ2, SCN1A, NEK1, and DNAJC7).

Critically, all these clones were deemed to be ‘‘correctly’’

edited during initial screening, as judged by PCR amplifi-

cation of short �200 bp fragments and Sanger sequencing

of the targeted region. We found that 33% had acquired

complex, on-target genomic alterations, including large

insertions and copy-neutral LOH. A combination of

simple-to-execute assays including allele copy number

quantitative genotyping PCR (qgPCR) and assessment of

heterozygosity through sequencing of nearby heterozy-

gous single nucleotide polymorphisms (SNPs) successfully

identified all lines that had appeared to be correctly

edited, but were, in fact, defective. Our findings are in

accordance with recent reports (Weisheit et al., 2020,
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2021) and further highlight the need for standardized

quality control (QC) of CRISPR/Cas9-edited iPSC lines

(for an overview of QC practices for iPSCs, see Steeg

et al., 2021).

RESULTS

CRISPR/Cas9 editing can cause detrimental on-target

insertions in iPSCs: a case study of apparently correctly

edited clones

We reprogrammed peripheral blood mononuclear cells

(PBMCs) isolated from a pediatric epilepsy patient with a

heterozygous mutation (c.821C > T; p.T274M) in the

KCNQ2 gene to generate a patient-specific iPSC line. We

produced several isogenic mutation-corrected control lines

by CRISPR/Cas9 editing. In parallel to correcting the

disease-causing mutation, we introduced a silent Cas9-

blocking mutation at the cut site to reduce CRISPR/Cas9

re-cutting (Figure 1A and Table S1; Paquet et al., 2016).

CRISPR/Cas9-blocking mutations have been shown to

increase the efficiency of on-target editing up to 10-fold

(Okamoto et al., 2019; Paquet et al., 2016). To avoid any

unintended effects of the silent mutation on protein

expression, we consulted the human codon usage

frequency table to select a codon of similar usage frequency

(Dhindsa et al., 2020). To screen for clones with the desired

edit, we used PCR amplification and Sanger sequencing of

264 bp around the targeted region (Table S2). The initial

screening of more than 50 single isolated edited clones

revealed several that appeared to be homozygous for the

wild-type (WT) KCNQ2 allele sequence, one of which

carried the designed Cas9-blocking mutation (Figures 1B

and 1C). This type of initial screening is common practice

and allows for discarding clones with short deleterious

edits, including insertions/deletions or mutations less

than 200 bp in length. We selected 2 ‘‘corrected’’ clones

for further characterization (KCNQ2-01-G6 and KCNQ2-

01-A6). To identify any short duplications or inversions

and to further validate the correction of the patient

mutation, we amplified a larger PCR fragment (�1.2 Kb)

encompassing the targeted region and performed Sanger

sequencing (Figure S1). Analysis of the larger PCR fragment

confirmed the apparent correction of the disease-causing

variant (Figure S1). Both corrected clones exhibited a

normal karyotype as determined by standard G banding

and digital KaryoStat analysis (Figure S2) and had DNA

short tandem repeat (STR) profiles that matched the

parental untargeted patient lines as determined by DNA

fingerprinting (Figure S3). Moreover, evaluation by PCR

and either T7E1 or Sanger sequencing analysis of the top

11 genomic regions with homology to the sgRNA used

for targeting the KCNQ2 locus did not reveal any evidence

of off-target edits (Figure S4 and Table S3).



(legend on next page)
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We next proceeded to perform functional phenotyping

assays on cortical excitatory neurons differentiated from

the two corrected iPSC clones (KCNQ2-01-G6 and

KCNQ2-01-A6) and the parental patient line (KCNQ2-01-

het-par). To examine the firing frequency of large numbers

of neurons, we used the Optopatch platform, a system for

high-throughput, all-optical electrophysiology with single

cell resolution (Hochbaum et al., 2014; Kiskinis et al., 2018;

Werley et al., 2017). The combined expression of CheRiff

(a blue-light-activated channelrhodopsin) and QuasAr3 (a

fluorescent voltage indicator) allows for the simultaneous

stimulation and recording from multiple neurons within

an elaborate network (Figure 1D). Using Synapsin pro-

moter-driven expression constructs for CheRiff and

QuasAr3, we imaged and analyzed the firing frequency of

more than 10,000 neurons per cell line under a blue-light

illumination protocol (Figures 1D and S5). After 35 days

in culture, neurons were monitored for 2 s without stimu-

lation followed by five 500-ms pulses of blue light of

increasing intensity (Figure 1D, middle). As shown by the

average firing rates of neurons (Figures 1D and S5),

KCNQ2-01-G6 and KCNQ2-01-A6 exhibited opposing

behavior in reference to parental patient-derived neurons.

KCNQ2-01-G6 exhibited a significantly lower firing fre-

quency, whereas KCNQ2-01-A6 neurons exhibited higher

firing frequency relative to parental-derived neurons across

the protocol (Figures 1D and S5).

This divergent electrophysiological behavior prompted

us to investigate its origin. Close inspection of Sanger
Figure 1. Standard QC methods fail to detect HDR-mediated large
(A) Illustration of Cas9 with sgRNA and ssODN and editing strategy for
(KCNQ2-01-het parental).
(B) Genotype screening of single CRISPR/Cas9 targeted iPSC clones w
Bottom: Sanger sequencing of gDNA PCR amplicons show KCNQ2-01-h
‘‘correction’’ in 2 edited clones (KCNQ2-01-G6 and KCNQ2-01-A6). The a
amplification and Sanger sequencing of a larger fragment.
(C) A 264 bp fragment flanking the KCNQ2-01 target locus was PCR amp
size is visible when PCRs were run on an agarose gel.
(D) KCNQ2-01-het-par and corrected clones -G6 and -A6 iPSCs were differ
and QuasAr3 for all-optical electrophysiology (Optopatch) experiments.
well,�4,000 neurons total) upon blue light stimulation with increasing
two others (see Figure S5). KCNQ2-01-G6 and -A6 neurons exhibited sign
KCNQ2-01-het parental patient-derived neurons across the stimulation
ference between KCNQ2-01-A6 and KCNQ2-01-G6 neurons (*p < 0.05, **
(n = 48 wells analyzed per cell line, N = 1 experiment; 2 additional ind
(E) Left: Agarose gel electrophoresis of 4,495 bp PCR amplified fragm
isogenic corrected clones. Right: Sanger sequencing in �850 bp steps
KCNQ2-01-het parental unedited iPSC line on both sides of the target
(F) A 264 bp fragment flanking the KCNQ2-01 target locus was PCR
electrophoresis revealed the presence of large (3–5 Kb) insertions in
PCR/Sanger sequencing in (B) and (C) (see Figures S6–S8).
(G) Non-homologous or microhomology-mediated end joining can res
DNA as the donor template (see also Figures S1–S8).
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sequencing data of long-range PCR fragments (�4.5 Kb)

around the edited locus revealed that the corrected clones

were homozygous for SNPs and short intronic indels

flanking the edited locus, which were heterozygous in

the parental untargeted cell line (Figure 1E). This apparent

LOH suggested the occurrence of either copy-neutral LOH

through homologous recombination with an endogenous

allele or allelic dropout resulting from introduction of a

monoallelic structural variant such as a large insertion

or deletion that would compromise primer binding or

PCR amplification. Indeed, PCR amplification of the tar-

geted region using longer extension times revealed the

presence of large monoallelic insertions ranging from 3

to 5 Kb within the 2 corrected clones as well as within 2

additional clones from the same targeting experiment

(Figure 1F). Gel extraction, purification, and Sanger

sequencing of the inserted DNA revealed inserted seg-

ments corresponding to the plasmid used to express

Cas9 (Figures 1G and S6). Each of the 4 edited clones

(KCNQ2-01-G6, -A6, -A3, and -H3) had incorporated

different segments of Cas9 plasmid DNA at the targeted

locus. Thus, standard PCR and Sanger sequencing proto-

cols were misleading because they failed to distinguish be-

tween a true homozygously edited clone and one where a

monoallelic structural variant caused allelic dropout

(Figure S7). Critically, our inability to initially detect the

deleterious structural variants within the KCNQ2 gene

confounded our subsequent electrophysiological pheno-

typing experiments.
on-target defects in human iPSCs
correction of KCNQ2 heterozygous mutation in patient-specific iPSCs

as done by PCR amplification of 264 bp spanning the targeted site.
et parental iPSC line with a heterozygous mutation and mutation
bsence of larger indels around the target site was validated by PCR

lified using standard PCR extension times. A single band of expected

entiated into cortical excitatory neurons and transduced with CheRiff
The well-wide average firing frequency of neurons (�85 neurons per
intensity steps was analyzed across one independent experiment and
ificantly lower and higher firing frequencies, respectively, relative to
protocol and independent experiments. *Indicates significant dif-
p < 0.005, and ***p < 0.0005). All data are reported as mean ± SEM
ependent experiments are presented in Figure S5).
ent reveals a single band from KCNQ2-01-het parental iPSC line and
across the 4.5 Kb PCR fragment revealed heterozygous SNPs in the
locus that were not present in corrected clones.
amplified using long duration PCR extension times. Agarose gel
all edited clones that had appeared to be corrected using standard

ult in large insertions by using exogenously supplied Cas9 plasmid



Figure 2. Assessment of genomic allele copy number
(A) Illustration of qgPCR assay. Large deletions prevent primer or probe binding, and large insertions prevent PCR extension and thus
reveal amplification of only one allele.
(B) qgPCR assay was used to assess allele copy numbers in 27 CRISPR/Cas9 edited clones. Eight out of 27 (30%) clones were found to be
monoallelic. Data are represented as mean ± SEM (n = 3 technical replicates).

(legend continued on next page)
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Large on-target genomic defects are a common feature

of CRISPR/Cas9-edited iPSC lines

Our discovery of falsely corrected clones for KCNQ2-01

prompted us to investigate a larger set of CRISPR/Cas9-edi-

ted iPSC lines that we had generated.We examined 27 iPSC

clones produced after CRISPR/Cas9 editing of 9 separate

genomic regions within 4 genes (KCNQ2, SCN1A,DNAJC7,

and NEK1). For 7 out of 9 regions, CRISPR/Cas9 was used

to correct a disease-associated mutation, while in the

remainder, CRISPR/Cas9 was used to introduce a disease-

associated mutation. As recently recommended by Weish-

eit et al. (2020), we used qgPCR assays to evaluate the tar-

geted allele copy number as an initial screening approach

(Figure 2A). This assay is more scalable compared with

long-range PCR, which in some cases requires trouble-

shooting with different primer sets to amplify the desired

fragment with high specificity.We designed 2 independent

sets of primers with probes that amplified 300–400 bp

around each respective targeted locus that in most cases

were at least 100 bp away from the cut site (Table S4). In

the qgPCR assay, large deletions or insertions in the target

region prohibit amplification of the affected allele, and

thus such clones exhibit higher cycle threshold (Ct) values

corresponding to a reduced allele copy number (Figure 2A).

After normalization to an internal reference gene (TERT),

the Ct value detected in each edited clone was compared

with the value of its own parental, untargeted cell line.

Of the 27 clones that were deemed to be correctly edited

by short PCR/Sanger sequencing, we identified 8 that

exhibited significantly lower allele copy numbers

(Figure 2B). As an additional QC assay, we evaluated all

targeted clones that appeared to be biallelic with the

qgPCR assay for the presence of heterozygous SNPs

within long-range PCR fragments (4–11.5 Kb) spanning

the targeted locus. We identified one clone (DNAJC7-01-

hom-43) that lacked a nearby upstream heterozygous SNP

(dbSNP:rs6503679; �68 bp away from the target site),

which was present in its respective parental iPSC line (Fig-

ure 2C). Critically, we found that a downstream heterozy-

gous SNP (dbSNP:rs12952314; +1979 bp from target) was

present in both the parental untargeted iPSC line and the

DNAJC7-01-hom-43 clone. The fact that this line had a

normal allele copy number (Figure 2B) yet was homozy-

gous for a parental heterozygous SNP suggests that

CRISPR/Cas9 editing caused on-target and upstream

copy-neutral LOH.
(C) A 4.4 Kb fragment spanning the targeted locus was PCR amplifie
heterozygous SNPs. Sequencing of DNAJC7-01-WT parental line rev
Sequencing of DNAJC7-01-hom-43 homozygously edited clone reveale
LOH (see Figure 6).
(D) Donut chart of edited clones representing 9 targeting events and n
unwanted monoallelic editing (red) (see also Figures 6 andS8).
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The qgPCR assays revealed that 33% of targeted clones

acquired complex on-target genomic defects that escaped

detection by standard PCR/Sanger sequencing (Figure 2D).

We next employed a longer PCR extension strategy of short

(200–500 bp) amplicons coupled to Sanger sequencing to

further examine the defects in the same cohort of iPSC

clones (Figure S8). We found that clone KCNQ2-03-C47

had a large (>10 Kb) insertion of mtDNA, while clone

SCN1A-02-B6 had acquired a complex rearrangement.

While long-range PCR and qgPCR assays suggested mono-

allelic PCR amplification and the potential presence of

structural variants in clones KCNQ2-04-55 and SCN1A-02-

B3, we were not able to detect any abnormalities through

long extension PCR (Figure S8). Our collective QC analyses

revealed that most compromised clones appeared to have

large on-target insertions, which included parts of the

Cas9 plasmid used for targeting (Figures 1G and S6) or

portions of mtDNA (Figure S8). Critically, we found that

deleterious on-target defects occurred independently of

the method used to deliver Cas9, as there were problematic

clones edited with a plasmid (KCNQ2-01 and SCN1A-02) as

well as ones edited with recombinant proteins (KCNQ2-03,

KCNQ2-04, and DNAJC7-01) (Figure 2D).
Whole-genome sequencing identifies deleterious

on-target defects

We next investigated whether whole-genome sequencing

(WGS) would allow us to identify deleterious on-target

effects including large insertions of exogenous (e.g., Cas9

plasmid) and endogenous DNA (e.g., mtDNA or other

chromosomal DNA) and copy-neutral LOH. WGS does

not rely on targeted PCR-based primer binding for amplifi-

cation and therefore is not subject to allelic dropout.

Instead, DNA libraries are prepared using complete

genomic DNA (gDNA) that is fragmented into short

segments and ligated to adaptor sequences at each end

(Figure 3A). Primers corresponding to the adaptor

sequences are used to unbiasedly amplify the gDNA frag-

ments by PCR for library preparation and sequencing

from each end of the fragments (typically 150 bp is

sequenced from each end in paired-end WGS). However,

large insertions such as the ones we found here are difficult

to identify using typical short read paired-end WGS

because reads that do not align within the reference

genome are routinely discarded during the alignment to a
d and subjected to Sanger sequencing to identify the presence of
ealed presence of upstream and downstream heterozygous SNPs.
d absence of upstream heterozygous SNP indicating a copy neutral

umbers of clones found to be correctly edited (blue) and clones with



Figure 3. WGS can help identify specific deleterious on-target effects of CRISPR/Cas9 editing and detect clones falsely identified
as corrected
(A) Illustration of paired-end WGS. gDNA is fragmented into random size fragments, and then 150 bp are sequenced from both ends; the
insert between the sequenced reads is unknown. Read mate sequences are aligned to a reference genome assembly.
(B) Illustration of paired-end WGS alignments in the presence of a monoallelic structural variant such as the large on-target insertion in
KCNQ2-01-G6. A short 17 bp deletion was also introduced around the cut site.
(C) WGS Integrative Genomic Viewer (IGV) plot showing human genome (T2T) reference assembly mapped sequencing reads around the
targeted locus of KCNQ2-01-het-parental and -G6 edited line. WGS analysis revealed the presence of the heterozygous patient mutation in

(legend continued on next page)
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reference genome assembly (Van der Auwera et al., 2013;

Van der Auwera and O’Connor, 2020).

We sequenced or re-analyzed (Simkin et al., 2021) WGS

data from 13 iPSC lines including parental untargeted

and edited clones, with or without defects (Table S5).

Sequence reads were aligned to the new CHM13 T2T hu-

man genome reference assembly (Nurk et al., 2021), in

which long read sequencing was used to fill in the gaps of

the previous reference assembly. Using Integrated Genome

Viewer (IGV) software, we identified deleterious on-target

effects of CRISPR/Cas9 editing in all the falsely edited

clones examined. By grouping the sequencing alignment

reads by ‘‘reference concordance,’’ reads that were partially

mapped (split reads), or reads with mates that did not map

to the reference sequence owing to exogenous DNA inser-

tions (in paired-end sequencing), became easy to spot (Fig-

ures 3, 4, 5, and 6, Figure S9). The presence of discordant

reads signifies the potential presence of a structural variant.

Careful analysis of the edited locus of line KCNQ2-01-G6

confirmed that it had amonoallelic novel DNA insertion of

Cas9 plasmid DNA at the target site that was flanked by

short deletions and that the heterozygous disease-associ-

ated mutation was not corrected (Figures 3B and 3C). In

stark contrast to the parental line, KCNQ2-01-G6 showed

many discordant alignments. These included a drop in

coverage around the deletion and several partially mapped

reads with unmappedmate reads (Figures 3B and 3C).WGS

of clone KCNQ2-01-A6 revealed that the patient mutation

was also not corrected and that it had similarly acquired a

novel monoallelic DNA insertion (Figure S9). This was

apparent by the frequency of discordant alignments that

included partially mapped reads with unmapped mate

reads as well as ones that partially mapped to a region on

human chromosome 4. Analysis of clone KCNQ2-04-55 re-

vealed a monoallelic insertion of mtDNA (Figure 4), while

clone KCNQ2-03-C47 had a short 10 bp deletion adjacent

to another monoallelic mtDNA insertion (Figure 5). Lastly,

WGS enabled us to verify that CRISPR/Cas9 editing had

caused copy-neutral LOH in clone DNAJC7-01-hom-43 as

well as define the boundaries of this loss through inspect-

ing for the presence of heterozygous SNPs (Figure 6).

A cost-efficient strategy for evaluating edited iPSC

lines

Given the high incidence of complex on-target genomic

defects we detected in edited human iPSC lines, there is a

need to design a time- and cost-efficient QC strategy to

successfully identify detrimental events and facilitate the
both KCNQ2-01-G6 and KCNQ2-01-A6 clones (see Figure S9) that had a
alignments are grouped by concordance to reference assembly, parti
mates are outlined in red. Sequence alignment stops abruptly near t
sequences that are homologous to Cas9 carrying plasmid used to targ
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integrity of subsequent experiments. Because CRISPR/

Cas9 gene editing efficiency is low and there is a need to

screen many clones, initial selection is typically based on

PCR coupled to Sanger sequencing (Figure 7). During this

first selection process, the presence of any heterozygous

bases (whether a heterozygous SNP or an introduced silent

heterozygousmutation)within the PCR fragment sequence

demonstrates biallelic amplification. Thus, when nearby

heterozygous SNPs are present near the targeted locus in

parental gDNA, themost efficient way to confirm on-target

editing andbiallelic amplification is to amplify a gDNA frag-

ment that spans heterozygous SNPs onboth sides of the tar-

geted locus (Figure 7; step 1). Correctly edited clones with

evidence of biallelic amplification can be nominated for

further use. Clones that appear to be correctly edited for

the variant of interest but that exhibit no apparent evidence

of biallelic amplification require further evaluation by an

allele copy number qgPCR assay (Figure 7; step 2). Clones

with significantly altered allele copy numbers should be

discarded. Any clones that appear to have a normal allele

copy number but that lack clear evidence of heterozygosity

based on initial sequencing can be further assessed by

screening for SNPs that are heterozygous in the parental

line, around the targeted region using Sanger sequencing

or SNP microarrays (Figure 7; step 3). Lastly, although it is

more costly and requires expertise for analysis, WGS can

be employed to validate correctly edited clones or even

replace several QC measures, such as validation of cell line

identity, genetic stability, and detection of any on-target

and off-target defects.
DISCUSSION

The goal of using human iPSC lines tomodelmonogenic or

polygenic diseases is to understand how genetic variation

can lead to cellular dysfunction. Owing to genetic vari-

ability between different human subjects, it has become

critically important to make phenotypic comparisons

within pairs of isogenic iPSC lines that differ genetically

only at the intended sequence. CRISPR/Cas9 technology

has enabled the generation of such controls with relative

ease. However, while CRISPR/Cas9 enables precise genome

editing, it can also cause significant unintended effects that

may be hard to detect. In this studywe focused on assessing

the frequency of aberrant on-target genomic effects and

alarmingly found that 33% of them had acquired on-target

genetic aberrations.
ppeared to be corrected by Sanger sequencing in Figure 1B. When
ally mapped reads are displayed at the top. Reads with unmapped
he Cas9 cut site, with soft clipped bases and unmapped read mate
et this locus (see also Figure S9).



Figure 4. WGS of KCNQ2-04 clones and detection of on-target mtDNA insertion in KCNQ2-04-55 that was falsely identified as
corrected
(A) Illustration of paired-end WGS alignments in the presence of a monoallelic structural variant such as the large on-target mtDNA
insertion in KCNQ2-04-55.
(B) WGS IGV plot showing human genome (T2T) reference assembly mapped sequencing reads around the targeted locus of KCNQ2-04-het-
parental line, correctly edited KCNQ2-04-4 clone, and falsely corrected KCNQ2-04-55 clone. WGS analysis revealed the presence of the
heterozygous patient mutation in KCNQ2-04-55 clone that had appeared to be corrected by Sanger sequencing. When alignments are
grouped by concordance to reference assembly, partially mapped reads are displayed at the top. Sequence alignment stops abruptly at the
Cas9 cut site, with soft clipped bases and read mates from both sides corresponding to mitochondrial DNA.

Stem Cell Reports j Vol. 17 j 993–1008 j April 12, 2022 1001



Figure 5. WGS of KCNQ2-03 clones and detection of on-target mtDNA insertion in KCNQ2-03-C47 that was falsely identified as
corrected
(A) Illustration of paired-end WGS alignments in the presence of a monoallelic structural variant such as the large on-target mitochondrial
DNA insertion in KCNQ2-03-C47. A short 10 bp deletion was also introduced at the Cas9 cut site.
(B) WGS IGV plot showing human genome (T2T) reference assembly mapped sequencing reads around the targeted locus of KCNQ2-03-het-
parental line, correctly edited KCNQ2-03-C12 clone, and falsely corrected KCNQ2-03-C47 clone. When alignments are grouped by concor-
dance to reference assembly, partially mapped reads are displayed at the top. Sequence alignment stops abruptly at the Cas9 cut site, with
soft clipped bases and read mates from both sides corresponding to mtDNA.
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Figure 6. WGS of DNAJC7 clones and detection of heterozygous SNPs to identify copy-neutral LOH
WGS IGV plot showing human genome (T2T) reference assembly mapped sequencing reads around the targeted locus and nearby het-
erozygous SNPs present in DNAJC7-01-WT-parental line. The presence of parental line heterozygous SNPs was assessed in DNAJC7-01-hom-
43, DNAJC7-01-het-30, and DNAJC7-01-het-18 edited clones. DNAJC7-01-hom-43 was missing a single het SNP site 68 bp from the targeted
locus, while other het SNPs from both sides were still present. This indicates that copy-neutral LOH affects only this one het SNP site and
not the rest of the gene.
As we demonstrate, allelic dropout leading to false iden-

tification of edited iPSC clones can severely compromise

the validity of phenotyping experiments. The majority of

falsely corrected clones found in our cohort had large on-

target DNA insertions. The ‘‘foreign’’ DNA identified in 4

cases was part of the Cas9 plasmid and in 2 other cases

was a large segment of mtDNA. The integration of a Cas9

plasmid gene cassette as well as parts of mtDNA has

previously been reported in CRISPR/Cas9 editing systems

(Bachu et al., 2015; Blondal et al., 2021; Ono et al., 2019;

Strecker et al., 2019, 2020). These events are likely

detrimental and can lead to haploinsufficiency or to the

production of a dysfunctional protein. For example, in a

recent study, a CRISPR/Cas9-edited clone was falsely

identified as homozygous, while, in fact, a small deletion

prevented proper sequencing of targeted region (Herai

et al., 2021; Maricic et al., 2021; Trujillo et al., 2021).

Moreover, the genetic consequences of copy-neutral

LOH, which we identified in another falsely corrected

clone, are not limited to the target locus, as LOH can

uncover recessive alleles and elicit long-range transcrip-

tional consequences. In fact, large stretches of genomic

homozygosity have been identified in the normal human

population and have also been associated with a large
number of clinical phenotypes (Clark et al., 2019; Gibson

et al., 2006; Keller et al., 2012).

The frequency of on-target defects we describe is in

strong accordance with the only other comprehensive

study focused on the incidence of these events in iPSCs

(Weisheit et al., 2020). Weisheit et al. (2020) examined 35

iPSC clones edited across 3 genomic locations and identi-

fied on-target defects in 18%–40% of cases, whereas we

examined 27 iPSC clones edited across 9 genomic locations

and found defects in 33%–43% of cases. Interestingly, most

defects in our cohort included large insertions (Figure S6),

while the study byWeisheit et al. (2020) and several others

have reported mostly large deletions (Adikusuma et al.,

2018; Korablev et al., 2020; Kosicki et al., 2018; Owens

et al., 2019; Yang et al., 2017). The reason for this difference

is hard to discern but could be related to editing methodol-

ogy or the genomic context of the targeted regions.

Critically, we and Weisheit et al. highlight the difficulty

in identifying on-target genomic defects by standard

PCR/Sanger sequencing. Lastly, we were able to showcase

the utility of WGS analysis in detecting on-target

genomic defects simply by carefully examining sequence

alignments. While de novo assembly strategies could be

used to reconstruct the genomic sequence, we found that
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Figure 7. A cost-efficient strategy for
evaluating edited iPSC lines
Steps to confirm biallelic PCR amplification
and eliminate clones with unwanted on-
target defects after CRISPR/Cas9 editing.
PCR and Sanger sequencing of the target
locus is not sufficient unless there is evi-
dence of biallelic amplification.
careful examination of sequence alignments can be effec-

tive. Clear red flags include a sharp reduction in sequencing

coverage (suggesting deletions), or a significant proportion

of mapped on-target reads having mates that are only

partially, or not at allmapped to the reference genome (sug-

gesting insertions). In conclusion, we propose that it

is necessary to incorporate QC strategies to detect delete-

rious on-target editing errors that are typically lacking in

studies utilizing gene-edited iPSCs for in vitro disease

models.
EXPERIMENTAL PROCEDURES

Detailed methods are provided in the supplemental experimental

procedures

Generation, maintenance, and CRISPR/Cas9 genome

editing of human iPSC lines
Patient iPSC lines were generated from PBMCs isolated fromwhole

blood following informed consent under protocols approved both

by Ann & Robert H. Lurie Children’s Hospital of Chicago and

Northwestern University Institutional Review Board (#2015-738)

as previously described (Simkin et al., 2021). Healthy control

iPSC lines CS20002 (DNAJC7-01-WT) and HPSI0114i-KOLF2

(NEK1-02-WT) were acquired from Cedar Sinai and HipSci, respec-

tively. All iPSCs were grown on Matrigel with mTeSR1 media,

maintained at 37 �C in 5% CO2, and passaged weekly using Accu-

tase (MilliporeSigma). The NEK1-02-WT iPSC line was edited by

Jackson Laboratory. All other iPSC lines were edited by Applied

StemCell Inc. (Milpitas, CA). For details on editing strategy,

genomic DNA PCRs and Sanger sequencing, genomic integrity
1004 Stem Cell Reports j Vol. 17 j 993–1008 j April 12, 2022
and pluripotency assays, analysis of off-target Cas9 sites, and quan-

titative genotyping PCR-based copy number assays, please see Sup-

plemental experimental procedures.
Whole-genome sequencing
WGS was outsourced to Novogene Corporation Inc., as previously

described (Simkin et al., 2021). We performed sequencing analysis

after aligning the reads to the complete telomere-to-telomere hu-

man reference genome T2T-CHM13 v.1.1 (Nurk et al., 2021). The

T2T-CHM13 reference genome improves coverage of complex re-

gions and variant calling (Aganezov et al., 2021), delivering

consensus sequences without the use of alternative contigs. IGV

software was used to visualize alignment tracks and assess read

coverage (Robinson et al., 2011). For details on WGS analysis,

please see Supplemental experimental procedures.
Cortical neuron differentiation and Optopatch

measurements
iPSCswere differentiated into glutamatergic neurons using a previ-

ously described protocol based on Ngn2 overexpression (Simkin

et al., 2021). Cryo-stocks of Ngn2 neurons differentiated from

KCNQ2-01-het parental and KCNQ2-01-G6 and -A6 iPSC lines were

co-plated with primary mouse glial cells onto custom-made ibidi

cell culture plates. Neurons were transduced with lentiviral parti-

cles encoding all-optical electrophysiology (Optopatch) compo-

nents CheRiff-BFP andQuasAr3-Citrine and recorded 2 weeks later

on DIV 35 with Optopatch imaging (Hochbaum et al., 2014; Kiski-

nis et al., 2018;Werley et al., 2017). Additional details regarding cell

culture and imaging can be found in Supplemental experimental

procedures. Statistical significance was determined using t tests or

Mann-Whitney tests with a customMATLAB routine.



Statistical analysis
Statistical differences between groups were evaluated using t tests

or Mann-Whitney test for nonparametric data where appropriate.

All data are reported as means ± SEM.
Data availability
All data generated or analyzed during this study are included in the

article and supporting files. WGS data for all patient samples are

available upon request. WGS data cannot be deposited on public

repositories owing to lack of patient consent.
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Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.02.008.
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